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Radio Echo Studies of the Moon at 23 cm. Wavelength
Jd. V, Bvans and T. Hagfors

Iincoln Leboratory,* lMassachusetts Institute of Technology

ABSTRACT

Short pulse radio reflection studies heve been made to determine the
average scattering behavior of the lunar surface at a wavelength of 23 cm. The
intensities of both the polarized (expected) and depolarized components of the
return hove been measured. 4 precise determination of the total rader cross
section of the moon % using the Lincoln Calibration Sphere (LCS) satellite as
a comperison standerd yielded the result o, = 0.065 + 0,008 times the physical
cross section (= a?). The observations reported here are compared with earlier
measurements at 68 and 3.6 cm wavelength. It is concluded that though the
smoother parts of the moon's surface scatter in much the same fashion at 23 cm
wavelength as at 68 cm wavelength, there eppears to be an increase in the
amount of surface covered with structure comparable in size to the wavelength.
Attempts to account for the scattering theoretically are revieved, and 1t is
shovn thet, as yet, no complete understanding has been achieved of the reflection
properties of luner and planetery surfaces containing structure both much larger
than and comperable in size to the exploring wavelength., It is believed, however,
that the mean surface slope of 10° is applicable to elements of the surface of
the order of five to ten wavelengths across, and is therefore thélslope that
might be encountered by a landing vehicle. '

*Operated with support from the U.S. National Aeronautics and Space
Administration.




Introduction

As a result of previous studies of the moon it has been established that
at meter wavelengths the reflections arise predominantly from a small central
region on the lunar disk where the surface is nearly normal to the direction of
incidence and reflection. The regions nearer to the limbs appear approximately
wuniformly bright, and contribute only a small fraction of the total reflected
power (Evans and Pettengill, 1963a). As the wavelength is reduced, the bright
central region becomes less intense with respect to its swrroundings and expands
in size. Also the fraction of the power attributable to the uniformly bright
region increases, and at a wavelength of about 2 cm probably accounts for half
the total power (Evans and Pettengill, 1963b)}. At 8.6 mm the surface appesrs
almost uniformly bright (Lynn et al, 1963) — as it does optically at full moon
(Maxrkov, 1948). For a recent review the reader is referred to Evans {1965).

These results havé been interpreted as indicating that on a scale of a
meter the surface is largely smooth and undulating, with = mean surface slope
that is related to the size of the central bright region. It is thought that
the limb region appears almost uniformly bright because for large angles between
the ray and surface normal few plane elements are found perpendiculaxr to the
ray path, and hence small structure which can scatter into wide angles is
responsible for the reflections. Thus as the exploring wavelength is shortened
the mean slope appears to increase, and the amount of power contributed by the
small scale structure on the surface increases also., This implies a whole
spectrum of d.iffereht size surface structure in which there is an increasing
amount heving scales on the order of the wavelength of observation with de=-
creasing wavelength., From the Ranger pictures it seems that much of this
structure must be associated with small craters whose number increase rapidly
as their size is reduced (Heacock et al, 1965).

The experimental results reported by Pettengill and Henry (1962),. Evans
and Pettengill (1963b), Klemperer (1965) and others have stimulated a large
number of attempts to deduce theoretically from these reflection properties a
physical description of the surface. We review briefly this work and show that
the theory may be regarded as satisfactory only for long wavelengths, where the



surface may realistically be assumed to be locally smooth. The fact that the
reflection properties change with wavelength demonstrates that this assumption
is only an approximation, and one which becomes increasingly inaccurate as the '
wavelength is shortened.

In Section II which follows we briefly outline the nature of the earlier
published measurements and indicate why additional ones are desirable. Section
IIT describes the apparatus and observing procedure, Section IV the new results
and Section V their interpretation. In Section VI we discuss the relation
between the \radio scattering properties of the lunar or a planetary surface and

the nature of the lunar terrain.

IT. Previous 3Short Pulse Observations

Short pulse studies of the lunar surface have been made at a number of
_wavelengths. These measurements are, in our view, to be preferred to other »
types such as power spectrum measurements discussed by Evans and Pettengill (1962a)
for the following reasons: — a) better resolution can be obtained by examining
the distribution of echo power with respect to delay than frequency owing to the
small angular rotation rate of the moon, b) there is a direct correspondence
between the echo power at a given range delay t and the angle of incidence and
reflection @ of the radio waves, and ¢) for practical reasons it is possible
to explore the echo power over a larger dynamic range when separating the echoes
with respect to range, than when resolving them in frequency.

The scabttering properties of the lunar surface were previously explored
over almost the full range of angles 0 <@ < 90° at 3.6, 68 cm and 6 m wavelength.
The pulse lengths used in these measurements and also the intervals at which the
echo power was sampled (Table I) differed considerably so that the resolution
obtained for small @ was often poor. Table I lists the observations made thus
far, together with the ones reported in this pasper. It can be seen that prior
t0 the present measurements the behavior in the region ¢ - 90o had been observed
only at wavelengths of 3.6, 68 and 600 cm. In addition the pulse lengths employed
prevented a useful examination of the region ¢ < 10° at all but two wavelengths,
namely 10 and 68 cm. In the cbservations at 23 cm wavelength reported here
experiments have been conducted to match the resolution achieved at 3.6 cm and
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68 cm wavelength and the scattering behavior has been explored over all ¢ for
both the expected and depolerized components of the echo.

ITI. Equipment and Observing Procedure

The observations reported herein at 23 cm wavelength were made using the
Lincoln Laboratbry, Millstone Hill Radar located in Westford, Massachusetts
(42.6°N 71.5°W). The parameters of the equipment as employed for the present
set of observations are listed in Teble II. During the course of the measure-
ments the antenna was directed to point continuously at the center of the moon's
disk by means of a Univac 490 digital computer or by preparing a punched paper
tape which gave pointing instructions at 10 sec intervals. Checks could be made
by means of a television camera aligned along the axis of the beam to confirm
that the pointing was accurate, The receiver was tuned to within O.1 c/s of
expected frequency of the echo by means of a special linearly varying frequency
generator, the siope of the linear frequency varistion being reset at 5 minute
intervals. In addition to guiding the receiver tuning in freguency to match
the expected doppler shift, the variation of the position of the echo on the
time-base due to the conbtinuously changing range was compensated to within a
small fraction of the pulse length. In this way samples of the echo intensity
could be taken at fixed delays with respect to the echo position, and these
could be averaged to obtain the mean echo power at that delay. The manner in
which these range and frequency compensations are provided has been described
elsevhere (Evans et al, 1965).

Following the last frequency conversion in the multiple superheterodyne
receiver the signals are applied to two phase detectors, which are driven at
the same reference frequency but shifted in phase by 90°. The outputs of these
detectors are thus the sine and cosine components of the signal. These com~
ponents are separately filtered by low-pass filters (which are matched either
to 10 or 20 psec pulses, Teble II) and sampled by identical digital voltmeters.
The voltmeters are commended to take samples at equal intervals of delay. A
choice of several sample frequencies is available, but most of the measurements
were conducted with freciuencies of 50 or 100 Ke/s. The time required for the
voltmeter to meke a determination is 0.25 psec., Each voltmeter determines the



Table II

The Millstone Hill L-band Radar

Frequency

Antennsa,

Antenna Gain

Polarization

Beamwidih

Transmitter power
Pulse length

Receiver bandwidth

System Noise Temperature

Overall feed-line and
other losses

f

]

il

1295.0 Mc/s

84 ft. paresbola with Cassegrain feed
arrangement

47.3 db

right circular transmitted
right and left circular separately received

0.6° between half power points

varisble, 5 MW peak meximm (continuously
monitored)

varieble, pulses of 10, 30, 100 and 200 usecs
length were employed in these observations

100 Ke/s predetector. Postdetector filter
matched to 10 usec pulses for 10 usec pulse
transmissions, matched to 20 MWsec pulses for
all other transmissions.

Also 8 Ke/s predetector for the observations
described in Sec. IVb. '

~150°K (continuously monitored)

2.1 db



sign of the signal and assigns it one of 32 possible levels. The total dynemic
range of the receiver system is therefore limited by these voltmeters to 30 db.
The echo intensity could be explored over a wider range than this, however, by
raising the transmitter power and repeating the measurements at different signal-
to-noise levels. The samples obtained in this fashion were recorded digitally

on magnetic tape for later computer processing. In the simplest form of processing
the pair of samples corresponding to a given range delay are squared and added

to yield the echo power at that delsy. This sum is then added to all other sums
for that delay to yield an average for the echo power at that delay. It was

also possible to receive both orthogonal components of the reflected signals
simultaneously and sample and store the voltages corresponding to the two signals.
In this way the polarization of the reflected signals (Sec. IVb) could be explored.

IVa. Results for the Polarized Component

In this measurement a circularly polarized wave of one sense was trans-
mitted and the opposite (i.e., the expected sense) was received. In order to
explore the echo power P(t) over the complete radar depth of the moon (11.6 msec)
observations conducted with a variebty of pulse lengths were carried out. The
echo power was established for the region of delsys 0~T00 usecs using a pulse
10 Hdsecs long and a sampling interval of 10 usec, together with observations in
which 30 psec pulses with4a 20 psec sample interval were used. For both sets
of observations the transmitter power was lowered to ensure that the echo power
did not exceed the maximum sampling level of the digital voltmeters. These
measurements were then repeated at a somewhat higher power to establish the
dependence in the region 0-2.4 msec and yielded the results plotted in Fig. 1.
Finally, observations mede with 30 psec, 100 Usec and 200 usec pulses and
corresponding sample intervals of 20 psec, 100 psec and 200 peec were used to
establish the curve in the region 2.4-11.6 msec. These observations are plotted
in Fig. 2. Since the antenna beam of the Millstone radar has a half power beam~
width comparable to the anguler exbtent of the moon it was necessary to correct
the observations for the non-uniform illumination of the moon's surface., The
antenna radiation pattern (Fig. 3) was established using radio stars and a
distant beacon transmitter as sources. Both methods agreed well and ?Fig. 3



presents a pattern obtained by averaging plots obtained for the azimuthal and
elevation planes. Since the moon has g diameter of 0.5o the antenna corrections
required are not large, and smount to only 4 db at the limbs. (Note that the
antemna weights the transmission and reception equally so that the effect must
be included twice.) In Figs. 1 and 2 we have shown the corrected curve of

echo power vs. delay P(%t) obtained when the effect of the antenne has been
removed. The three corrected curves were next replotted as functions of the
logarithm of the echo delay t and overlaid to obtain a single smooth curve.

In this way the effect of the saturation of the receiver at the leading edge
which was encountered when attempting to observe the limbs could be removed.
Figure 4 shows the results obtained. The values plotted in Fig. 4 together
with the values observed at 3.6 cm and 68 cm wavelength by Evans and Pettengill
(1963b) are listed in Table III. Figure 5 shows the results obtained at the
three wavelengths when pulses of 30 uUsecs are used to resolve the leading edge.
These three curves have been normelized at the origin and sre the only results
at different wavelengths in which exactly the same resolution was employed.
Teble IIT gives the results obtained when shorter (10 usec) pulses were included
in the measurements at 23 and 68 cm.

IVb., Observations of the Depolarized Component

By receiving the same sense of circular polarization as was transmitted
it is possible to determine the amount of power that has been converted into
the orthogonal circulsrly polarized mode. Evans and Pettengill (1963b) called
this component the "depolarized" component, though additional measurements
using linearily polarized waves are required if the complete scattering matrix
for the surface is to be established. Measurements of the depolarized and
polarized components could be made simultaneously, or alternately at will,
Figure 6 shows the distribution of echo power D(t) vs. delsy obtained for the
depolearized component using 160 usec pulses, 50 Ke/sec predetection filters and
a sample interval of 160 isec up to a delay of 4 msec and 1 msec pulses, 2 Kc/sec
predetection filters and a sample interval of 480 usec for delays beyond 4 msec.
The zbsolute level of the echo could be estsblished by injecting into the receiver
input terminals (vie a.directional coupler) a pulse of noise corresponding to a
known increase in system temperature on each sweep of the timebase. This

pulse serves to determine the relationship between



Table IIT

Relative Echo Power vs. Delay for the Moon
Cbserved at Lincoln Laboratory M.I.T.

Delay(t) ¢° A=3.6cm* 23cmjT 68cm™ Delay(t) g° A=3.6cm 23em 68cm
10 ks. 2,38 0 0 0 db 2.0 ms 34.16 =12.9 -18,65 -21.8
20 " 3.37 ~0.1 -0.85 =0.6 db 2.25 " 36,30 =13.5 -19.1 -22.3
30 " k.11 0.4 -1.40 ~l.5 " 2.50 " 38.33 -1k.0 -19.55 =22.7
Lo " L.77 ~0.55 -1.9 2,2 " 2.75 " Lho0.,28 -14k.35 =19.85 -23.1
50 " 5.31 ~0.85 -2.35 -2.8" 3.0 " 42,16 -14.85 -20.2 -23.5
60 " 5.83 ~1.05 =275 =3.3 " 3.25 " 43,97 ~15.1 -20.5 -23.8
70 " 6.30 -1.35 -3.15 =3.8 " 3.50 " h5.72  -15.h4 -20.85 ~24,1
8 " 6.73 -1.5 -3.55 =4.,3 " 3.75 " hT.2  -15.7 -21.15 =24.3
9 " T7.13 -1.75 =3.95 4,8 " Lo " 149,08 =-15.9 -21.k -24.5

100 " 753 -1.95 -1.3 =5.,2 " k.25 ' 50.69 «16.1 ~21.7 -2, 7

25 " B.h2 -2.5 -5.05 =b.2 k.50 " 52,27 =16.35 =21.95 ~24.9

50 ¢ 9.22 -2.9 -5.8 7.0 " hos " 53.82 -16.5 22,35 =25.1

15 " 9.96 -3.k4 -6.45 7.7 " 5.0 " 55,33 -16.7 -22.5 -25.35

200 " 10.65 -3.8 ~7.0 8.4 " 5.25 " 56.82 ~16.9 ~22.7T5 ~25.6

225 " 11.30 =15 ~T.5 -9.,0 " 5.50 " 58.29 ~1T.1 -23.05 =25.9

250 " 11.92 -4 L5 -8.0 -9, T " 5.75 " 59.72 ~1T7.35 ~23.3 ~26.15

275 " 12,50 -4.85 ~8.45 -310.15" 6.0 " 60,95 =1T.6 -23.6 =26.45

300 " 13.06 ~5.,15 ~3.85 ~10.7 " 6.25 " 62.55 =17.85 -23.85 ~26.8

325 " 13.60 ~5.15 9,2 -11l.1 " 6.50 " 63,93 -18.1 ~2l,2 -2T.15

350 " 14,11 =5.75 ~9.55 «11.6 " 6.75 "  65.36 =18.35 24,55 ~27.5

375 " 14,60 -6.0 -9,9 ~11.9 " 7.0 " 66.65 =18.6 24,95 -27.85

oo " 15.09 -6.15 -10.2 =12.35" 7.25 "  67.98 -18.9 -25,35 =28.25

h2s " 15.56 -6.5 -10.5 =12.7 " T.50 " 69,31 ~19.2 -25,8 -28.65

hso " 16.01 ~6.70 ~-10.8 -13.0 " 7.75 " T70.63 =19.h5 -26.2 -29.0

s " 1645 ~T.0 ~-11.2 =~13.3 " 8.0 " TL.O9E  =19.75 ~26.65 ~29.45

500 " 16.88 ~T.15 ~11.35 =13.6 " 8.25 " T73.23 -20.1 27,1 ~29.95

600 T 13.51 =T.9 -12.3 ~Ih.6 7 8.50 " Th.53 -20.4  «27.6 -30.45"

T00 " 20,01 8.5 -13.2  =1l5.4 " 8.75 "  T5.79 =20.8 -28,15 =30.95

80 " 2140 -9.1 -14.,0 ~16.2 " 9.0 " TT7.06 ~21.2 -28.7 -3L.5

900 " 22.72 ~9.55 14,6 =169 " 9.25 " 78,33 -21.6 -29,3 -32,1

1000 " 23.96 9.9 «15.35 =1T.6 " 9.50 " T9.59 -22.1 -29.95 =32.75
1100 " 25.16 -10.3 -15.95 =18.25" 9.75 " 80.84% -22.6 ~30.6 -33.35
1200 " 26,29 -10.T7 -16.4 -18.9 " 10.0 " 82.09 -23.1 -31.35 ~34.05
13%0 " 27.39 =-11.0 -16.8 =19.5 " 10.25 " 83.34k - ' ~32.2 -34.9
lli-OO " 28.’4”4 "1103 "'lTolS "20.0 " 10050 " 8"“:58 “33.25 "35.9
1500 " 29.42 ~11.6 ~17.45 =-20.4 " 10.75 " 85.82 Not -34.35 -36.9
7 ll.O " 8Tt06 Meas- -35085 -38035

11.25 " 88,29 ured ~37.7 -40o.1

11.50 " 89.53 [ -40.35 k2.7

¥* Pulse = 30 usec. Resolution at the receiver = 20 usec.
t Pulse = 10 usec. Resolubtion at the receiver = 10 usec.
+ Pulse = 12 {sec. Resolution at the receiver = 10 usec.



D(t) and P(t). In order to remove the effects of pulse length P(t) was re-
determined using a 160 Heee pulse and a 50 Kc/s receiver bandwidth. Figure 7

compares the two curves. The percentage polarization p(t) defined in

o(t) = ;}%{%—f—g% X 100 | (1)

is plotted in Fig. 8. Also shown is the curve for p(t) obtained previously at
68 cm by Evans and Pettengill (1963b). Tt can be seen that the amount of de-
polarization has increased with frequency. Two independent sets of measurements
are included in Fig. 7. The error bars indicate the uncertainty associated with
the points shown as closed circles. The difficulbty of establishing the exact
relative position of the two curves in Fig. 7 is the major source of uncertainty
in measurements of this type, In addition to ineluding a calibration pulse in
each measurement it is necessary to establish the waveguide and other losses
between the horn feed and the receiver input terminals for the two senses of
polarization. This was accomplished using a beacon transmitter coupled to a
dipole mounted on a tower in the near field of the antenna. The dipole could

be rotated at will without influencing the amount of power radiated by the
beacon transmitter. In this way the circularity of the transmission and
reception could be checked. The agreement between the two curves in Fig. 7 lends
some confidence in the method and suggests that the estimated uncertainty essigned
is too large.

IVe. Observations using Linearly Polarized Waves

Additional experiments have been carried out in which linear polarization
was trensmitted and two orthogonal linear components were received, The transmitted
polarization was established using a specially constructed high pmfér polarizer
which controlled the energy fed to the antenna feed horns. The degree of
linearity achieved could be checked using the remote test dipole and was found
to be of the order of 30 db. On reception two orthogonal linear components are
obtained, one of which is aligned along the direction of the transmitted polari-
zation. In order to overcome the effects of Faradsy rotation in the earth's
ionosphere (Browne et al, 1956) the two received signals were recombined in a

10



second polarizer arrangement consisting of two 3 db combiners and two variable
length sections of transmission line (phase shifters). The output of the
receiver polarizer was arranged to be a linear component that could be rotated
with respect to the transmitted component. The actual angle between the two
was established using the test dipole arrangement.

In a preliminary experiment, observations were carried out using 200 Msec
pulses. The transmitted plane of polarization was maintained fixed and observa-
tions were made for three orientations of the receiver polarization. The
observations were carried out in the manner described previocusly, i.e., a
calibration pulse served to establish the gbsolute echo power. The measurements
were made over & short time interval so thal the Faradsy rotation (~420° two~way
at 1295 Mc/s) would not change significantly. The echo power obtained for a
given delay interval would be expected to vary sinusoidally through one cycle
when the receiver polerization is roteted through an angle of 180°. The pesk
of the sine wave will correspond to the expected component and the minimum to &
component orthogonal to this. The angle between the transmiited plane of
polarizaticn and the angle at which the signal is found to peak 1s simply the
two~way Faraday rotation angle. Three points are sufficient to establish the
phase and amplitude of & sine wave and hence the measurements obtained for the
three recelved polarizations could be used to determine the ratio of maximm
to minimum signal at each delay. This ratic has been plotted in Fig. 9 as a
function of delay. It can be seen that in the diffuse region of the echoes
(3-il msec) about 1/8 of the total power is returned in the linear mode orthog-
onal to that vhich would be reflected by a plane mirror. The depolarization
observed in the circular polarization experiments (Fig. 8) indicates that about
1/3 of the total power is returned in the opposite sense of circular polarization
to that expected in this same region. The significance of these ratios are
discussed in Sec. V.

IVa. Observations of the Total Radar Cross Section

Previous efforts to obtain reliable total cross section measurements for
the moon have been reviewed by Evans and Pettengill (1963c¢c). The errors en-

countered are usually large, because the uncertainty in the antenna gain



(typically 1 db) enters twice, and uncertainties associated with the determina=-
tion of the absolute power transmitted and the absolute calibration of the
receiver usually are of comparable order.

A very precise determination of the moon's rader cross section is now
possible by comparing the lunar echoes with those from a carefully machined
metal sphere placed in earth orbit. This sphere, the Lincoln Calibration
Sphere (ICS) has a cross section of exactly 1  at a wavelength of 23 cm
(Prosser, 1965). Unfortunately, despite its close range the calibration sphere
is a weaker target than the moon by epproximetely 40 db. Accordingly the full
sensitivity of the Millstone Hill radar is required in order to observe it,

The procedure adopbted in these measurements was as follows. A time was chosen
when the moon's elevation and that of the sphere were comparable. The sphere
was then tracked using the normal closed-loop tracking afforded by the multiple
beam system of the Millstone Hill radar. The automatic tracking system requires
the transmission of 2 msec radar pulses. A separate receiver with a bandwidth
of 8 Kc/s was used in order to determine the echo amplitude., The output of this
receiver was rectified using a square~law detector and sampled at 200 usec
intervals., The integration over the time-base was achieved by suming the
digital samples in a computer for consecutive 30 second intervals. Included

in the integration process was the normal calibration pulse. Aboub forty
successive 30~second integrations were obtained and each of these was used to
determine the overall sensitivity of the rader using sn eppropriate value for
the mean range of the satellite during that 30-second period. These observations
yielded the following relation:

Logy, T 18.071 # .038 -~ &4 Log, R (2)

echo
where Techo is the equivalent increase in the system temperature caused by the
satellite echo and R its range. Based upon the parameters of the radar system
as determined from independent calibrations (Table II) we should expect

L0815 Techo 18.066 ~ L Log, R (3)



Although in this instance it seems that the rador parameters were in faet quite
accurately known prior to this overall calibration, the agreement vetween (2)
and (3) lends considerable confidence to the result reported here.

Following the observations of the LCS sphere the radar was employed to
observe the moon in precisely the same way, except that the antennz pointing
information was derived from the punched paper tape reader. 3Since the moon
echoes are very much stronger than those from the satellite it was also
necessary to reduce the system sensitiviby by about 30 db to prevent the
receiver from saturating. This wos acgcomplished by reducing the transmitier
power by an amount which was measured using a carefully calibrated power meter.
It 1s also possible to achieve the same effect by placing attenuators at the
receiver input terminals, bul this was considered undesirable as it could dis-
turb the matching of the receiver to the line. The choice of an 8 XKe/s receiver
bandwidth was made in order to remove any amplitude fluctuations that might
arise from small errors in the automatic compensation of the doppler shift
during the observations of the calibration sphere. Observations of moon echoes
were made for periods of 3V seconds and a mean of 1l such periods was then taken.
Since a 2 msec pulse is less than the full depth of the moon (11.5 msec), at no
time was the whole lunar hemisphere illuminated and therefore contridbuting to
the echo power. That is, the cross section oT) observed with a pulse length

of T milliseconds is simply

T
o, J, P(t) at

e 11.6
.Jo P{t) dat

(L)

o(T) =

where Go is the total cross section. This function is plotted in Fig. 10. When
the cross section cobserved with 2 msec pulses is scaled up to the value for the

whole moon we obtain

o, = £0.065 *0.008 a2 (5)



The uncertainty given is the rms error resulting from the spread of the values
- obtained in the 4O observations of the satellite (= 0.38 db) and the 14 observa=~
tions of the moon (also + 0.38 db). We believe that the only source of systematic
error remoining is that associated with reading the power meter monitoring the
transmitter power and the linearity of its scale. These errors are thought to

be substantially smaller than the uncextainty quoted.

V. Discussion of the Results

a) The polarized component

The wavelength dependence in the scattering behavior reported initially by
Evans and Pettengill (1963b) and supported by Davis and Rohlfs (196hk) and
Klemperer (1965) is strengthened by these observations. Figure 11 shows all
the observations made to date in which a pulse length of 100 usec or less was
employed. That is, Fig. 11 contains the resulis of all the observations listed
in Table I except those of Davis and Rohlfs (1964). The results have been
normalized at the origin, but since the resolution achieved in this region
varied, it is likely that the absolube relationships between the curves showm
in Fig. 11 is slightly in error. In spite of this the wavelength dependence
in the results is readily apparent. Tals behavior must mean that there is 2
continuum of structure on the lunar surface (or perhaps within the upper layer)
having scdles In the range of wavelengths that have been employed.

Since there is a direct relation between the echo delay t and the angle of
incidence @ between the ray and mean surface normal, the angular dependence of
the echo power per unit surface area P(@) can be examined simply by replotting
the echo power as a function of ¢. In Fig. 12 we have plotted these 23 cm

results as a function of log cos § to test whether a law of the form

P(g) = cosd (6)

fits the data. The case for the exponent n = 1 would indicate a uniformly
bright suwrface since a pulse of fixed length illuminates a region whose pro-
jected area falls as cos §. The case n = 2 would indicate a Lembert law
surface. The results shown in Fig. 11 indicate that the region 80° < ¢ <19Oo

j1:}



is uniformly bright (n = 1), but that in the range 50° < ¢ < 80° the law

-

r(g) = cosg/2 g ’ (1)

is encountered. The behavior shown in Fig. 12 is essentially similar to that
reported by Evans and Pettengill (1963b) at 68 em. No adequate explanation has
yet been found for the law (Bq. 7) which lies midway between uniformly bright
and Lembert scattering. iowever, since the surface is nearly uniformly bright
we are foreed to suppose that the scatterers are nearly isotropic reflectors.
Small scale elements having vertical and horizontal dimensions of comparable
or smaller size than the wavelength would behave in this fashion. IBvans and
Pettengill (1963b) argued on this basis that the regions obeying the linear
relations plotted in Fig. 12 are those in vwhich the small scale elements of
the surface scatter more strongly than the smoother portions — probably because
few large elements of the surface are inclined at such large angles to the
mean surfece. This region (i.e., @ » 40°) was termed "diffuse". TFor § < Lo°
the scattering appears very sensitive to the angle of incidence and hence is
attributed to the smoother undulating portions of the surface which can be
treated as flat facets. This scattering has been called quasi-specular.

The division of the echo power into two regimes attributable to two broad
classes of surface structure has been encountered gt all the radio wavelengths
employed thus far, Figure 13 shows the results given in Fig. 11 vwhen replotted
as a function of 1 + Log cos ¢. We find that at all wavelengths the region
beyond t = 4 msec (¢ ~'SO°) the echo power describes a straight line. TFor
wavelengths of 600, 68 and 23 cm the exponent n (Eq. 6) is found to be n = 3/2
and for 3.6 and 0.86 cm it sppears to be unity, though here the results are
somewhat less certain.

We note that though some authors (e.g., Daniels, 1963 a,b, Rea et al, 196k)
have accepted the interpretation of the curves (e.g., Fig. 11) in terms of two
classes of scatterer, others (e.g., Muhleman, 1964, Beckmenn, 1965) have not,
and instead have attempted to explain the complete curve P(@) in terms of
quasi~specular scattering. This requires that there be substantial smounts of
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surface area tilted at very large angles to the mean surface and the rms slone
one derives as & result is correspondingly large. Ve do not think that this
view is correct and have argued against it previously (Evans snd Hagfors, 196k).
Further evidence in support of the model outlined above is avallable from the
work of Katz (1965) who has considered the wavelength dependence of the sbsolute
echo power at given delays. Katz finds that at the leading edge the cross section
per unit area increases with wavelength according to a law lying between X and
ke. This dependence suggests coherent reflection from facets whose average size
increases with increasing wavelength. On the other hand, in the diffuse tail
the absolute echo power varies nearly as k-e implying a totally different
scattering mechanism. A similar conslusion has been reached by Peake and
Taylor (1963) who compared the results reported by Evens and Pettengill (1963b)
with scattering from different types of terrestrial surface. We shall return
to this point when discussing the polarization results.

The amcunt of power associated with the diffuse component of the echoes is
listed in Table IV.

Table IV

Percent of the Total Power in the Diffuse Component

A = 68 cm 20%
A = 23 em 25%
A = 3.6cnm 35%
A = 0.86 cm 85%

When the diffuce component of the power, i.e., that corresponding to the stralght-
lines in Fig. 13 has been subtracted, the remainder observed at 3.6, 23 and 68 cm
appears as plotted in Fig. 14. This component of the power is related to the
distribution of surface slopes and will be discussed further under Sec. VI.

We have been unable to find any simple empirical law to describe this component,
which, by adjusting a single constant, will match the results at all wavelengths.



Evans and Pettengill proposed a law of the form P(@) = (1 + b ¢2)—1, but a more
careful. computation of the power in the quasi-specular component (presented in
Fig. 14) shows that this law is inexact. Good agreement con be obtained with
a law published by Hagfors (1964) that has been derived from theoretical con-
siderations (Jec. VI).

b. The Depolarization Results

The measurements reported in Sections IV b and ¢ are open to two possible
types of explanation, namely a) some elements of the surface may have small
radii of curvature and as such can act as dipoles,and b) the reflection
coefficient may depend upon the relation between the plane of polarization and
the local plane of incidence. Thus, for example, multiple reflections may
occur, one of which is near the Brewsber angle, or the echo may be partly
reflectéd from within the. lunar surface and hence depend upon the transmission
coefficient into the uppermost layer.

Evans and Pettengill (1963b) attributed the depolarization to effect a).
Hagfors et al (1965) have shown, however, that for ¢ > 10° it appesrs that the
echo is entirely reflected from within the lunar surface and as such the echo
powver from any small region depends upon the square of the local transmission
coefficient. OSince the transmission coefficients for wavesrpolarized in and
normal to the local plane of incidence are different and any one range ring
includes all possible local planes of incidence, this will serve to cause some
depolarization. However, it appears that the magnitude of an effect of this
type is inadequate to account for the large amount of depolarization observed
in Fig. T. ©Stated otherwise, although an effect of type b) is demonstrably
present in lunsr reflection the original explanation a) proposed by Evans and
Pettengill (1963b) appears correct. We note that Long {1965) invokes a similar
explanation in attempting to acecount for the polarization of rader echoes from
the sea at grazing incidence,

The echoes from the quasi-specular region are little depolarized and this
is to be expected for reflections from a largely smooth undulating surface
(Hagfors, 196k). There is, however, a marked transition at sbout 3 msec delay
(Figs. 8 and 9) beyond which the amount of depolarization is roughly constant.
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We may model the scatterers in this region as flat Facets which do not depolarize
and a random collection of dipoles which do. Randomly arranged dipoles would
completely depolarize an incident cilrcularly polarized wave, since they would
destroy the h/h phase relationship between the two linears into which & circu-
lar wave may be resolved. Thus in order to account for amount of polarization
(about L40%) observed at t = 8 msec (Fig. 8) we require that roughly L40% of the
energy be returned from the facets and 60% from the dipoles. In this case the
dipoles will split their reflections equally between the two components to give
30% in the depolarized camponent and T0% will appear in the expected sense ~— as
is observed. When linearly polarized waves are employed the dipoles reflect in
the incident and orthogonal planes in the ratio 3:1 (Mack and Reiffen, 196k4).
Tt follows that of the 60% of the power reflected by the dipoles only 1/4, i.e.,
15%, will be in the sense orthogonal to the transmitted mode. Thus the ratio
between the two components would be expected to be about 0.18, i.e., in fair
agreement with the results shown in Fig. 9.

Some support for the model proposed here is given in Fig. 15 where we
have plotted the echo power observed in the opposite sense circular mode to the
expected sense [i.e., D(t) shown in Fig. 6] as a function of Log (cos @). We
find that the echo power conforms to the law D(@) < cos @, which is similar to
the law observed for the diffuse component of the expected signal. A law
D(@) = cos @ was also observed at 68 cm (Evans and Pettengill, 1963b).

It should be understood that this modeling of the surface as a collection
of facets and dipoles is merely a convenient fiction which serves to describe
the electrical performance of the surface. We do not suppose that the lunsr
surface is covered with dipoles, but merely that there are elements having
small radii of curvature and as such forc¢ the induced currents to flow in
preferred directions different from that of the field exciting them. Thus we
see that the results of the circular and linearly polarized experiments are both
open to a common explanation. Furthermore, these results support the view
advanced earlier that the scattering in the diffuse region is dissimilar from
that of the center of the disk. Attempts to describe the entire scattering
law on the basis of quasi-specular scattering (e.g., Beckmann, 1965) may
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succeed in matching the observed curves, but this should not be construed as

an indication of the physical reality of the model.,

¢. The Radar Cross Section Gb

Many observers have reported values of GO and some of these are pre-
sented in Teble V and plotted in Fig. 16. The values have been vresented os
fractions of the physical cross section of the moon (T a2 = 9,49 x 1012 m2
and span a range of over ten octaves (from 8.6 mm to 22 meters). The increase
in cross section with increasing wavelength suggested by Fig. 16 depends
largely on the three long wave measurements reported by Davis and Rohlfs (196k).
These measurements may have been subject to systematic errors introduced by
ionospheric effects. If these three points are ignored the remainder show no
clear wavelength dependence. In pert this is caused by the large error bars
assoclated with each measurement which may conceal a marked dependence. The
errors given in Table V are the reported values where these have been given,
or % 3 db where no uncertainty was published.

The errors associated with these measurements are generally large for
reasons we have alresdy enumerated. It seems that a relisble determination
of the cross section vs wavelength would require that each radar be calibrated
in the manner described in Sec., IV d.

The scattering cross section expected for a large dielectric sphere
may be written (Evans and Pettengill, 1963b)

P
=8P (8)

where Py is the Fresnel reflection coefficient for normal incidence and g a
term which denotes the directivity of the target, i.e., the ability to scatter
preferentially toward the radar. In the case of a perfect sphere g = 1 and for
the case where the surface has large scale irregularities (but is locally smooth

on the scale of at least a wavelength) g = 1 + a?, where o? is the mean square
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Table V

Values for the Radar Cross Section of the Moon as a Function
of Wavelength Reported by Various Workers

» Estimated
Author Year Wavelength(em)  o/m a” Error db
Iynn et al 1963 0.86 0.07 = 1.
Kobrin 1963% 3.0 0.07 = 1.
Morrow et al 1963% 3.6 0.07 £ 1.5
Evans and Pettengill 1963c 3.6 0.0h x 3,
Kobrin 1963% 10.0 0.07 1.
Hughes 1963% 10.0 0.05 = 3.
Victor et al 1961 12,5 0.022 + 3.
This paper 1965 23 0.065 £ 0.5
Aarons ‘ | 1959%* 33.5 10.09 =3,
Blevis and Chapman 1960 61.0 0.05 * 3,
Fricker et al 1960 73.0 0.07% = 1.
Leadabrand 1959%% 75.0 0.10 £ 3.
Trexler 1958 100.0 0.07 b,
Aerons ‘ 1959%% 149.0 0.07 3.
Trexler 1958 150.0 0.08 +.h,
Webb 1950%% 199.0 0.05 = 3,
Evans ; 1957 250.0 0.10 x 3,
Evens et al 1959 300.0 0.10 = 3.
Evans and Ingalls 1962 784.0 0,06 t5,
Davis and Rohlfs 196k 1130.0 0.19 + 3.
Davis and Rohlfs 1964 1560.0 0.13 + i:
Davis and Rohlfs 1964 1920.0 0.16 + ?

* Revised value — (privately communicated to Evans and Pettengill, 1963c).
*¥Reported by Senior and Siegel (1959, 1960).
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surface slope (Hagfors, 196k). For the general case in which the sphere is
covered with structure having scales down to and smaller than the wavelength
in size, g has not been evaluated quantitatively. If the surface is completely
covered in structure comparable with the wavelength and as a result behaves as
a Lambert scatterer, then g = 8/3 (Grieg et al, 1948). It is thought, therefore,
that as the surface is covered to an increasging extent with objects comparable
in size to the wavelength, g increases from unity toward a value of about 3 or
possibly higher.

For the long wave measurements {A 2 1 m) shown in Fig. 15 we conclude
that g ~ 1.0 but that g increases for A < 1 m. The absence of a corresponding
increase in ob.indicates that po is decreasing with wavelength, and hence
suggests that the reflection arises in an inhomogeneous surface, If the density
of the material on the luner surface increases with depth then the longest
waves will penetrate deepest and the effective reflection coefficient will
increase accordingly. |

From the 68 cm results Evans and Pettengill (1963b) derived a reflection
coefficient Py = 0.064 after attempting to subtract.out the echo power attribut-
able to the diffuse component. By assuming that the electrical conductivity of
the lunar surface is zero and hence the dielectric constant k& = (1 + /bo)a/(l - Jbo)a
Evens and Pettengill derived a value k = 2.8. Rea et al (1964) used the same
experimental résults, but employed a somewhat more rigorous method of removing
the echo power attributable to the rough structure (for which the value of g is
not known) and obtained k = 2.6. These radar values, although very low vwhen
compared with the values observed for terrestrial rocks (Brumschwig et al, 1960)
are in fact considerably higher than velues obtained in passive radiometric
observations. Perhaps the most reliable method of deriving k in such studies
is to determine the degree of polarization exhibited by the radio emission,
since this depends directly upon the transmission coefficient of the surface
(1 - po) and thus on the dielectric constant k (Troitsky, 195k). Measurements
of this kind have been performed by a number of cobservers (e.g., Soboleva, 1962;
Heiles and Drake, 1963; Mezger, 1965; Davies and Gardner, 1965) and yield values
chiefly in the range k = 1.7 to k = 2.1, Other values obtained by studying the
thermal history of the moon over a lunation are less direct but also yield
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values in the range 1.5 to 2.0 (e.g., Troitsky, 1962; Salomonovich and Losovsky,
1962; Krotikov and Troitsky, 1962). The discrepancy between the radar and
passive results has long remained a puzzle. Calculations by one of us (Hagfors
_and Morriello, 1965) of the effect of surface roughness on the interpretation
of the passive observations has indicated that, though this does tend to lower
the value of k that is derived, the effect is not large enocugh to account for
the discrepancy. The difficulty seems resolved as a result of recent radar
observations reported by Hagfors et al (1965) which indicate that the radar
echoes at normal incidence are partially reflected from within the lunar sur=-
face, and that the upper layer has a dielectric constant of only sbout 1.8.

Tt seems therefore that the passive measurements refer to the uppermost
material (extending in depth perhaps same tens of centimeters) and that the
radar reflections yiéld an average value related samehow to the way in which the
density incresses as a function of depth.

Giraud (1965) hes examined the wey in which the reflection coefficient
would very -in the case of a surface in which the density increases from zero
linearly with depth over a distance of d to a density corresponding to a
dielectric constant kl’ On the basis of this model only when A > 20 4 is the
reflection coefficient the same as that which would be attributed to the sub-
surface layer in the absence of an inhomogeneous covering. If the measurements
listed in Table V could be repeated with an accuracy equal to that reported
in this paper it seems that the depth of the layer of light material overlying
the lunar surface might be established.

VI. Scattering from an undulating surface

The results reported by Evans and Pettengill (1963b) have stimilated a
large number of investigators to attempt a physical deseription of the lumar
surface from the observations. Broadly two types of theories have been ad=~
vanced. In one, ray optics are employed and the surface considered to be an
assemblage of flat facets, each of which reflects back to the rader only if
viewed at normal incidence. This treabtment avoids the difficulty encountered
in other approaches in thet the reflection coefficient is simply the Fresnel
reflection coefficient at normal incidence po and does not depend on the
angle of incidence. Erown (1960), Muhleman (1964) and Rea et al (1964) have
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developed theories employing this approach which differ in the way in which the
statistical description of the sizes and shapes of the facets are handled.

Rea et al (1964) derive a relation between the angular power spectrum and

the probability density £(f). Here £(§).dw is the probebility that the

surface normal lies within the solid angle element dw which mekes an angle

$ with the normal to the mean surface. They find that the angular power
spectrum is given by:

P(¢) af « £(g) d%_d_@ (9)

cos

This model can be expected to apply only to the quasi-speculsar portions of the
echo (Fig. 14) where the scattering arises chiefly from regions having large
radii of curvature. The mean surface slope averaged over all possible vertical
planes is given in

Jg# @) singag [ FF (f) cos §sin g af
[3 2(8) sin § ag [§ ® (#) cos § sin g af

3=

(10)

Values of § have been obtained by mumerically integrating Eq. 10 and employing
for P(@) the curves shown in Fig. 14. The values obtained are at A = 68 cm,

7 = 10.2° 2nd at 3.6 en § = 14:8°. In order to obtain these results it was
necessary to extrapolate the results for P(§) for the region ¢ < 3°. This wes
accomplished as shown in Fig. 17, by fitting a linear law to the values of
Log P(@) observed in the range y° < g < 10°. The uncertainty associated with
this procedure introduces an uncertainty of perhaps + 1° in the values given
for @.

In a second approach diffraction theory is employed. The surface is
trested as iocally smooth (so that the boundary conditions can be established
using Fresnel's reflection formula) and wndulating. The probability of finding
a point on the surface at a height h above the mean surface is generally
assumed to be gaussian, i.e., proportional to exp [ = -2}1 (h/h°)2] where h_ is
the rms height fluctuation. The horizontal behavior of the surface is then
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specified by means of an autocorrelation function p(d) where

h(x) h(x+d) (11)

2
(n,)

p(a) =

in which h(x) is the height of the surface at a point x and h(x+d) at a
distance d away. Both exponential [p(d) ®exp ( - 4/d')] and gaussian

[p(d) <texp ( = ;I_'—, (a/a 0)2)] functions have been examined. Most workers have
avoided the difficulty encountered due to the reflection coefficient varying
with the angle of incidence ¢ by assuming the surface to be perfectly con-

ducting (e.g., Hargreaves 1959; Deniels 1961; Hagfors 1961; Hayre and Moore
1961; Bramley 1962; Hughes 1962 a, b,; Winter 1962; Fung and Moore 196k4).
Hagfors (196k4) has treated the case of a dielectric sphere and shown that

vhen allowance is made for the curvature of the moon's surface and the
physically most plausible series of approximstions for the terms in the express-
ion for the reflected field (Huygen's integral) are made, the following results
are obtained.

2
Gaussian p(d) <exp [ ~ %’-(—9-2—\ ] (12)
el
o
exp [- #°/2 42 1
p(g) = — T (13)
cos @

where ¢o = ho/d_o

Exponential p(d) <«=exp (— %—,) ' (1)
o 1 3/o
PF¢) i:osu g+ cC sin® ¢ (x5)

vhere C = [d' /b hce]2
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Hagfors (1965) has shown that if the statistics of the surface slopes are made
the same in the geometric optics and in the autocorrelation approaches the two
methods will yield the same results provided the surface introduces deep phase
modulation and provided only large scale structure is present on the surface.
Physically this may be taken as a demonstration that the regions oriented normsal
to the line of sight are mainly effective in scattering back to the radar.

The experimental results presented in Fig. 14 have been compared with the
laws Bge. 13 and By. 15 and in each case it has been found that the exponential
surface best matches the results. In this case, it should be noted & direct
comparison of the geometric optics and the autocorrelation approaches is very
difficult due to the presence of an apprecisble smount of small scale structure.

Table VI lists valués of the relative echo power (expressed in db) as a
function of the angle of incidence ¢ according to Eq. 15 for various values of
the parameter C. The values of C vhich match the experimental resulis are at

=68cemC=100, A=23cmC =T0, A = 3.6 cm C = 30, It should be noted
that these are the values that mateh the quasi-specular component of the echoes
(i.e., after the diffuse component has been subtracted). Slightly lower values
would be required if one attempted to match the whole curve for P(g). It is
evident that the constant C does not vary as A2 as expected (Eq. 15). Further-
more, 1f the known rms height of the lunar mountains (~1 K¥m) is inserted for
ho one obtains a value for the correlation distance d' larger then the size of
the moon. This has led Daniels (1961) to suggest that the term h in Eg. 15
should not be associated with the largest elements on the lunar surface. Tung
and Moore (196l4) have advanced similer arguments. Beckmann (1965) has attempted
to allow formelly for a wavelength dependence in the value C (other than C « Ag)
by considering the surface as a sum of many components (e.g., mountains, hills,
hummocks, craters,... ) each of which has heights that are gaussianly distributed
and is describsble by means of an exponential autocorrelation function. The
scattering law (Beckmann, 1965) obtained is identical to gxilg.;b glven by Hagfors
(1964) in Eq. 15 except that the constant C becomes C = [ Z d,' X /lm Th' ]
vhere i is an integer indicating the ith component of the s%irface. Since at
normal incidence structure for vhich h < )\/8 introduces little perturbation
in the reflected phase front and may be neglected, a wavelength dependent 1
may be determined and the wavelength dependence follows.

max
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TABLIE VI

Reduction in Relative Echo Power (db) vs Angle of Incidence @ according to L
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It should be stressed that the theory outlined here, like the ray optics
treatment, can be expected to apply only to the quasi-specular component of
the echoes. The diffuse couponent of the echoes we have associated with the
small scale elements of the surface for reasons advanced in Sec, V a;b. DSome
authors (e.g., Muhlemen, 1964; Beckmann, 1965; Beckmann and Klemperer, 1965)
have, however, attempted to explain the whole curve for P(@) using one of the
theories outlined here, and in some instances have been surprisingly successful
in matching the observed curves by one of a family predicted by the theory.
Unfortunately, as we remarked earlier however, this cannot be taken as proof
of the validity of the physical'premises upon which the theory is based.

In the diffuse region it appears that diffraction of the waves around
small objects will be an important effect. Hagfors et al (1965) have shown
that the scattering in this region is likely to take place entirely within
the lunar surface and hence the small objects may lie upon a subsurface layer
or may be density irregularities in the uppermost layer.

Beckmann (1965) has developed a theory which includes the geometric effects
of shadowing and this theory has been applied to the lunar results by Beckmann
and Klemperer (1965). Apart from the objection we have raised to treating the
diffuse echoes as attributsble to quasi-specular scattering we believe that the
shadowing function derived by Beckmann (1965) is in error. This function speci-
fies the amount of surface area that will be removed from view at grazing angles.
There appears to be a mathematical mistake in the derivation of this function
(Shaw, 1966), but we do not believe that this is the proper fumction to employ
in any event. A little thought serves to show that the elements of the surface
vwhich are capable of reflecting back to the radar are the very ones which intro.
duce most of the shadowing. Since the regions that are shadowed are the reverse
slopes of the mountains (which would not reflect favorably) it is largely the
regions which would not contribute to the reflection that are screened from
view. It follows that the shadowing effect is less severe than would be
supposed by assuming a dependence simply on the amount of area removed from

view., By modeling a surface in a digital computer the sbove statement has
been verified, and this work is the subject of a separate paper (Brockelman

and Hagfors, 1966).
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VII. Conclusion

Experiments have been reported in which the scattering behavior of the
moon at a wavelength of 23 cm has been investigated. The wavelength dependence
observed by earlier workers has been supported by these measurements. By
employing different pélarizaﬂcions for transmission and reception the depolarizing
properties have been explored. These resulits support the view that the scatter-
ing from the cenmter of the disk is largely from regions that are locally smooth
on the scele of the wavelength, whereas for sn sngle of incidence ¢ > 1o°
scattering from rough structure appears to predominate. In the central region
the theory of the scattering is in satisfactory shape; and the surface can be
deseribed as having an exponential autocorrelation function and a mean slope
of about 10° when measured over an interval of a few meﬁers. In the limb
region vhere scattering from rough structure predominates the theory is less
satisfactory. The scatterers may be modeled as collections of dipoles and
flat facets, and at 23 cm wavelength 60% of the power is reflected by the
d ipoles. This irregular structure, must, however, largely lie within the
surface according to separate experiments reported by Hagfors et al (1965).

The depth and perhaps same other properties of the uppermost temious layer
might be inferred if very precise radar cross section measurements could be
made at meny wavelengths. The peper outlines one method of accomplishing
this using a precisely machined calibration sphere in Earth orbit as a radar
reference standard.
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Figure Legends

Fig. 1 Observations of moon echoes over the range of delays t = O to
t = 2.4 msec. These observations were performed using pulses of
10 and 30 Hsec length.

Fig. 2 Observations of moon echoes over the full range of delays
' 0 — 11.6 msec. using pulses of 30, 100 and 200 psec. The curve
shown "broken" has been obtained by correcting the observations
for the effect of the non-uniform illumination introduced by the
antenna bean.

Fig. 3 The antenna pattern for the Millstone Hill radar obtained by
scanning radio stars and a distant beacon transmitter. The antenna
pattern shown here imposes a weighting of the results both on trans-
mission and reception. The effect of this weighting is indicated in
Figs. 1 and 2.

Fig. 4 The combined results of all the measurements are included in
this plot to obtain the complete dependence of echo power with
delay.

Fig. 5 The 23 cm results shown in Fig. 2 are here compared with results

reported by Evans and Pettengill (1963b) at 3.6 and 68 cm wavelength.
For all three curves the shortest pulse measurements that have been
included was 30 dsec, so that the resolution near zero delay is
comparable. All the curves have been normalized at the origin.

Fig. 6 The depolarized or opposite sense circularly polarized mode
observed at 23 cm wavelength. This curve was obtained using a 160 usec
pulse to explore the region up to 4 msec delay and a 1 msec pulse for
the region beyond.

Fig. 7 The results showm in Fig. 6 are here compared to scale with a
determination of the expected component of the echo power. These
results were obtained using a 160 psec transmitter pulse on
February 3, 1966.
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Fige S

Fig. 9

Fig. 11

Fig. 12

The percentage polerization (defined in the text) observed for
the circularly polarized components (¥Fig. 7) is plotted here
together with previous results for 68 cm (Bvans and Petiengill,
1963b). It appears that there is a larger amount of depolarization

at 23 em than at 68 cnm.

The effect of the moon's reflection properties on linearly
polarized signals is plotted in this diagram. It can be seen that
little energy is converted from the incident linear node into an
orthogonal mode for émall values of delay (corresponding to near
normal incidence). There appears a break at 3 msec delay (see
also Fig. 8) and this is attributed to the transition from largely

guasi-specular to largely diffuse reflection.

The variation of the total cross section of the moon at 23 ¢m
wavelength as a function of pulse length. This curve was derived
from the results presented in Fig. 4 and has been employed in
obtaining an accurate determination of the radar cross section of
the moon (See IVd).

This plot summarizes the radar observations of the moon reported
thus far in which a pulse length of 100 Msec or shorter was employed.
All the curves have been normalized at zero delay. Although the
resolution of the echo near t = 0 differed considersbly between the
experiments (and hence the relative positions of the curves is
likely to be samewhat in error) the wavelength dependence in the

scabtering is clearly evident.

The results obtained for the expected component of the echoes
(*ig. 2) have been replotted as a function of Log cos ¢. We find
that in the region ¢ > 80° the echo power 1s proportional to cos ¢
and. for 50° < ¢ < 80° to cos 3/2 @. Similar behavior was observed
at 68 em wavelength (Bvans and Pettengill, 1963b), but the reason
for this dependence is not clearly understood.
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Fig. 14

Fig. 15

Fig. 16

Fig. 17

The results plotted in Fig. 11 are here replotted as a
function of Iog cos ¢. We find that the region beyond Ut msec
delay (termed diffuse in the text) conforms to a simple
dependence upon cither cos ¢ (A = 0.8 em and 3.6 cm) or
cos 3/2 ¢ (A = 23, 68, and 600 cm).

The quasi-specular component of the echoes, i.e., the echo
povwer remaining when the component following the straight lines in
FPig. 13 has been subtracted. There seems little difference between
the results at A = 23 and )\ = 68 cm, indicating that at these two
wavelengths the distribution of surface slopes appears to be asbout
the same.

The angular scattering law for the depolarized component of
the echoes D(t) plotted in Fig. 6.

The cross section of the moon vs. wavelength.

The behavior of the echo power for small values of $. Because
of the finite length of the pulses the behavior in the region
¢ <12.5° has not been explored it has been necessary to extrapo-
late the results linearly as shown in order to obtain values for

the mean surface slope § (see text).
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